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Influence of Si Co-doping on electrical transport properties of magnesium-doped boron nanoswords Conductivity of Mg-doped boron nanoswords is significantly lower than that of "pure" (free of magnesium) boron nanoswords. Electron energy loss spectroscopy studies confirm that the poorer conductivity arises from silicon against magnesium doping. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3693383]
As the only electron-deficient nonmetal element in the periodic table, boron tends to bond in an unusual threecenter two-electron 1-5 way. Such icosahedral B 12 as a basic unit widely exists in boron and related compounds, 6-8 which makes their structures very complicated and also gives rise to excellent properties such as high melting (2300 C) and boiling points (2550 C) with low density (2.364 g/cm 3 ), a large bulk Young's modulus of 380-400 GPa, extreme hardness, close to that of diamond, and a large Seebeck coefficient S. 9, 10 Among the four common allotropes of boron (aand b-tetragonal B and a-and b-rhombohedral B), the brhombohedral (b-rh) structure is not only the most stable but also has three kinds of main doping sites, A 1 , D, and E, which could accommodate up to 20% foreign atoms without destroying its structure. [11] [12] [13] [14] Previous research already established that the doping of different metallic elements into b-rh boron can improve its electrical properties and give rise to novel physical phenomena. [11] [12] [13] [14] [15] [16] Among the doped materials, metal magnesium doped into b-rh boron 13, 14, 17, 18 is very significant for both theoretical studies and practical applications because it can help us understand the electrical properties based on the site occupancies of the dopants and the change of band structure when Mg is added. Especially, when the dimension of bulk boron is reduced down to nanoscale, onedimensional boron nanostructures doped with Mg (Refs. [19] [20] [21] show unique physical and chemical properties. For example, Soga et al. studied the structure and electronic states of different concentration of Mg doping into b-rh boron. The results indicated that temperature dependencies of magnetic susceptibility obeyed the Curie-Weiss law, which the intensity of the Mg-doping b-rh samples increased with increasing the content of the doped Mg at D site. 13 Mgdoping B-rich icosahedral cluster solids were predicted to have higher critical transition temperature of superconductivity (T C ). High critical currents in iron-clad superconducting MgB 2 wires have been reported by Jin et al. 22 Yang group have also successfully prepared MgB 2 nanowires, which showed high T C of 33 K. 23 Therefore, they are a promising group of materials for high-temperature semiconductor devices, high-temperature superconductivity, and field emission (FE) cold cathodes, which also have many potential applications in thermoelectrics. However, synthesis and electrical measurements of Mg-doped one-dimensional b-rh boron nanostructures are rarely reported. In this letter, we report the growth of Mg-doped boron nanoswords on Si (111) via thermal reduction techniques. Electrical transport measurements show that variable range hopping (VRH) conductivity increases with temperature, in which carrier mobility has more influence than carrier concentration. Compared to "pure" boron nanoswords, the conductivity of Mg-doped ones is significantly lower. Electron energy loss spectroscopy (EELS) studies confirm that the poorer conductivity of nanoswords is due to silicon against magnesium doping. Mgdoped boron nanoswords have a special geometry (sharp tip of 30 nm and aspect ratio is 500) and excellent properties (high chemical stability and mechanical strength at high temperature), which make them promising candidates for cold cathode materials applied in FE display devices.
We used a simple chemical vapor deposition method to synthesize the boron nanoswords on Si (111) with Fe 3 O 4 nanoparticles as catalyst. Boron powder (99.9%), boron oxide (B 2 O 3 ) powder (99.9%), and magnesium powder (99.9%) were ground together as precursors with a molar ratio of 12:1:4. A high temperature tube furnace with accurate control of temperature and gas flow rate was used. Detailed growth conditions are as follows. At first 100 SCCM (SCCM denotes cubic centimeter per minute at stand temperature and pressure), H 2 /Ar carrier gas was introduced after the system was pumped below 10 Pa. After the temperature of the furnace center reached 430 C at a rate of 300 C/h, it was kept steady for 30 min to eliminate any remaining oleic acid a)
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V C 2012 American Institute of Physics 100, 103112-1 APPLIED PHYSICS LETTERS 100, 103112 (2012) and oleylamine on the catalysts. Then, the flow rate of the carrier gas was decreased to 50 SCCM and the system pressure was maintained at 4-5 Â 10 4 Pa. The system was further heated to 1200 C at a rate of 300 C/h without changing the system pressure. Boron nanoswords were grown under these conditions for 2 h. After that, the furnace was cooled down to room temperature, and dark brown or black products were found on the surface of the substrate.
Transmission electron microscopy (TEM; JEM-2200FS; JEOL Corp.) and high-resolution transmission electron microscopy (HRTEM; the same JEM-2200FS) with electron energy loss spectrometry (EELS; Tecnai G 2 20 S-TWIN; FEI Co.) and energy-dispersive x-ray spectroscopy (EDX; Tecnai G 2 20 S-TWIN; FEI Co.) were employed to perform micro probe analysis of the boron nanoswords. In electrical measurements, the contact electrodes of two devices were fabricated by focus ion beam (FIB; DB235; FEI Co.) as follows. First, boron nanoswords were placed on a SiO 2 insulating layer (500 nm thick) on a Si (111) wafer. Then, four Pt (150 nm) ohmic contact electrodes were deposited on a single Mg-doped boron nanosword as device I. For comparison, device II, a similarly shaped nanosword of "pure" b-rh boron without magnesium doping, was also fabricated by a similar process and with similar parameters.
Typical morphology and structure of a single boron nanosword is shown in Fig. 1 . It is clear that the nanosword is about 20 lm long and 1 lm to 30 nm wide from the root to the tip [ Fig. 1(a) ]. More detailed structure of the nanosword can be further characterized by HRTEM and selected area electron diffraction (SAED), revealing crystalline lattice fringes without observable defects [ Figs. 1(b) and 1(c) ]. The growth direction of the nanoswords is along [010] and the measured lattice distance is about 8.81 Å , agreeing with the (010) lattice plane of b-rhombohedral boron. Figure 1(d) shows the typical EDX spectra of the nanosword and blank copper grid. The peaks of boron, magnesium, silicon with oxygen and carbon were detected. However, the last two could be from the copper grid, which indicates that the elements magnesium and silicon were possibly doped into boron nanosword.
Figures 2(a) and 2(c) show voltage versus bias current (V-I) characteristics of a single Mg doped boron nanosword and a "pure" one, both measured under a range of temperatures. All of the V-I curves are linear and symmetrical under any bias voltage up to 3 V, and conductance increases with temperature. At 350 K, conductance is three orders of magnitude than at 130 K, indicating that a boron nanosword is a good semiconductor above room temperature. 
1=4 of these two devices. Here, r is the direct current (dc) conductivity and T is the temperature. Such linear dependence can be understood by Mott's VRH model, assuming that thermally activated hopping conduction by carriers near the Fermi level occurs between the localized states. According to Mott's law for three-dimensional (3D) VRH, [24] [25] [26] the DC conductivity r is expressed as 
where l is the localization length of the carrier's wave function, NðE F Þ is the electron density of localized states at the Fermi level ðE F Þ, k B is the Boltzmann constant, and r 0 is a constant. The corresponding fit parameters T 0 of the temperature range and NðE F Þ calculated are listed in each figurethe NðE F Þ of "pure" nanoswords is about three times that of Mg-doped nanoswords. These two values are also three orders of magnitude greater than the value estimated for bulk boron in optical absorption experiments (10
À18
-10 À20 cm À3 ). 27, 28 Our data agree well with 3D-VRH model because the thickness of both structures (>30/50 nm for "pure"/Mg-doped nanosword) are much larger than the average hopping distance R of carriers, which can be derived from Mott's equation:
Assuming l $ 1Å, 11 it is found that R < 2:6 nm for nanoswords and R < 1:9 nm for nanoswords at T > 130 K. Meanwhile, the average hopping distance decreases with increasing temperature, both confirmed by 3D-VRH analysis above.
Also these amorphous material-like properties are consistent with bulk boron and previous work 4, [11] [12] [13] [14] due to the large number of atoms in the unit cell of b-rhombohedral boron and its intrinsic defects. 29, 30 Along with John-Teller distortion of basic unit B 12 icosahedrons, 31 ,32 the valence band of pristine b-rh boron is split into two. At low temperatures, the Fermi level is positioned within the partially occupied upper valence band (intrinsic acceptor level, IAL), [11] [12] [13] [14] so it is possible for the IAL to accommodate doping electrons instead of forming shallow acceptor levels as conventional semiconductors, not to mention other six electron trapping centers [33] [34] [35] located in the energy gap. Detailed conductivity information is shown in Fig. 3(a) . The DC electrical conductivity of "pure" nanoswords is about 7:99 Â 10 À1 ðXcmÞ À1 at room temperature, which is fifty times the value 1:58 Â 10 À2 ðXcmÞ À1 for Mg-doped ones. Both these values are two to three orders of magnitude greater than that of bulk boron ð10 À4 À 10 À7 ðXcmÞ À1 Þ 4,36-38 for FIB contamination. Figures 3(b) and 3(c) represent the relationship of carrier concentration and mobility to the temperature. Considering hopping conduction only takes place in the states near the Fermi level, the carrier concentration could be expressed as n ¼ NðE F Þk B T and leaves the mobility as l ¼ r=ne. As we can see, both of them increase with temperature, while carrier mobility has more influence upon increasing the conductivity than does the concentration [ Fig. 3(d) ]. This can be explained by the limited filling of carriers in localized states, including IAL and the electron trapping centers, while more choices for VRH of carriers.
As shown above, the magnesium doping did not improve desirable properties as much as we expected, which we attribute to the additional silicon doping from the substrate. The reduced conductivity could be due to two phenomena: more carriers filled by silicon and silicon substitution for the intended magnesium doping. So, we continued our investigation, doing EELS studies on both "pure" and Mg-doped nanosword [Figs. 4(a)-4(d) ]. For Mg-doped nanoswords, ionization edge at 1308 eV is observable in the rhombohedral boron, while the B 1 and E sites cannot be simultaneously occupied. 13, 14 Due to the tension caused by silicon having a larger atomic radius than magnesium, the occupied B 1 site of Si could even drive away and substitute the Mg at E site, 13,14 which we have reason to believe is the most probable cause of poorer conductivity of nanoswords. The other one is the fact that more carriers are filled cause IAL bands to be completely filled, decreasing the hopping opportunities for the carriers.
In summary, we synthesized high quality magnesiumdoped boron nanoswords by a simple thermoreduction 
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Tian et al. Appl. Phys. Lett. 100, 103112 (2012) method. The transport behavior of a single nanosword shows room temperature conductivity of 1:58 Â 10 À2 ð X cmÞ À1 and fits Mott's VRH mechanism. In the conductivity increasing with temperature, carrier mobility proved to be a greater influence than carrier concentration. Although the presence of silicon during magnesium doping causes these nanoswords to have poorer conductivity than "pure" nanoswords, we still have reason to believe doping is an essential way to improve the transport properties of boron nanomaterials and also makes them promising nanoscale building blocks for high temperature semiconductor nanodevices.
